ABSTRACT: A model is developed for studying marine traffic flow through classical traffic flow theories, which can provide us with a better understanding of the phenomenon of traffic flow of ships. On one hand, marine traffic has its special features and is fundamentally different from highway, air and pedestrian traffic. The existing traffic models cannot be simply extended to marine traffic without addressing marine traffic features. On the other hand, existing literature on marine traffic focuses on one ship or two ships but does not address the issues in marine traffic flow.
INTRODUCTION
Different types of traffic flow exist in busy ports around the world (Figure 1 ). Marine traffic is special and different from other types. Ships are not unlimited in their navigation, and deep waterways exist across the port. These deep waterways are generally associated with the principal water flow path of the tidal system. In some cases, the position of the principal waterway varies significantly, season to season, and migrates across the port region. Marine traffic within ports is frequently diverse as the shallow, relatively sheltered waters permit the safe navigation of small craft (leisure vessels, fishing boats, fast launches) across the port, while larger vessels (coastal cargo vessels and ocean-going carriers) inhabit the deeper waterways. The continued growth of port traffic increases the congestion of waterways.
This conceptual paper represents our first attempts to investigate the traffic characteristics of marine traffic flow in order to develop a marine traffic model. As macroscopic models have been advanced in different traffic disciplines, the proposed establishment of marine traffic flow models is expected to complement the existing literature of land traffic. 
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The paper is organized as follows. Section One provides the background of ship navigation and summarise characteristics of marine traffic. Section Two reviews previous studies on the traffic theory and ship navigation modelling. Section Three develops a new model for marine traffic and especially marine traffic characteristics are incorporated in the model. Section Four analyzes and understands the marine traffic model. Section Five concludes the present study.
LITERATURE REVIEW
Systematic studies of traffic flow have been conducted for more than five decades. A basic building block is the kinematic waves in traffic (Lighthill and Whitham 1955; Richards 1956 ), which relates the continuum traffic flow, the traffic speed and the traffic density. The focus of the present study is the models of marine traffic flow.
Highway traffic has attracted considerable attention for decades, for example, Gazis (2002) . Many highway traffic models assume the homogenous vehicles are not applicable to marine traffic. The heterogeneity is recently considered in highway traffic research, for example, Wong & Wong (2002) , Park et al., (2010) . They however did not consider as a whole where the existing models can be used as marine traffic.
In the air traffic control, Andersson et al. (2003) proposed a novel optimisation approach to analyse collaborative airport arrival planning. Ship manoeuvring simulators are common in many maritime countries and generally operate in the time domain. Their use ranges from the full mission bridge simulator to PC-based simulator. Existing Traffic Alert and Collision Avoidance System (known as TACS II) is used to detect the altitudes of aircraft and then resolve (altitude crossing) encounters in the vertical domain. If an encounter is identified, TACS II will command one aircraft to climb and the other to descend. However, ships can only manoeuvre horizontally and ships have different manoeuvrability. Different from air traffic control, VTS is only an advisory service for ships; ship masters are responsible for a ship's course, speed and safety.
On the track of pedestrian flow, some models have been developed (see Hughes, 2003) . The models of pedestrian flow have three common assumptions. First the speed of pedestrian walk is determined solely by the density of surrounding pedestrians. Second, all pedestrians are the same, similar to a fluid particle in flows. Third, pedestrians avoid extreme densities, and so the model is mathematically convenient.
Previous research may not be applicable to marine traffic flow, as existing studies do not take into consideration the differences between ships. Traffic in previous models is considered as continuous flow and not as single ships with their individual characteristics of type, dimensions and velocity. Marine traffic is over moving water current. Real marine traffic is not consisted of ships of equal size moving with equal manoeuvrability. The depth of water has considerable influence on the rate of ship's turn which may be obtained at a given rudder angle. If navigation in confined to waters that require large alternations of course, the turning manoeuvres must be commenced in due time with the knowledge of how much room the ship needs to carry out the alteration of course. This will, especially with regard to large ships, necessitate longer response time, larger reaction zone ahead, and technically a higher relaxation effect.
Ship-ship collision models have been developed on the basis of geometrical distribution and/or encounter-to-collision. Pedersen (2002; 2010) , Montewka et al. (2010) , Debnath & Chin (2010) , Tan & Otay (1999) , Seong et al. (2012) developed geometrical collision probability models that describe the geometrical probability model of collision. Fowler & Sorgard (2000) estimated the collision based on encounters by assuming the traffic is independent or uncorrelated. USCG (1999) found different types of encounters have different relative significance, with crossings more hazardous than head-on encounters, which are in turn more risk prone than over-takings. These assumptions are applicable only when the traffic density is low. In reality, ships may change speed or direction so as to avoid possible collisions, e.g. see Merrick et al. (2002) . The crossing traffic models cover only a crossing situation of two vessels. In particular, in heavily trafficked ports, like Hong Kong, three or even more ships may approach an area at the same time. In this kind of situation, a collision is more difficult to avoid when the actions of several other vessels need to be observed. Hu et al. (2010) used AIS to determine the congestion level of marine traffic in restricted waters. Their findings are useful to develop macroscopic marine traffic models.
TRAFFIC MODEL
Macroscopic model
Let us estimate how the water current manifests itself in the marine traffic flow problem (Figure 1) . The lack of experimental data does not allow the marine traffic flow to be formulated mathematically. Based on some analogies between marine traffic and land traffic (e.g. Payne, 1971) , the one-dimensional marine traffic model is given by
where t is time, x is horizontal coordinate,  is traffic density, g v is average traffic velocity over the ground in the  x direction, w v is average traffic velocity through water.
is the characteristic through-water speed determined by speed-density relationship (should be determined from field survey). We have to emphasise that both the relaxation term and anticipation term in Eq. (2) depend on the average velocity (speed) through water, rather than mean velocity (speed) over the ground.
Assuming the ship draft is deep, ship's velocity over the ground g v is the velocity through water w v plus velocity of water current c v , such that
Consider a uniform water current c v constant of t and x , Eq. (1) and (2) will become: Similarly for the two-dimensional marine traffic, the governing equations (4) and (5) become:
However, several major components should be integrated in the marine traffic models. As the manoeuvrability of a ship is related to its length and water current, the relaxation 
and thus most variables vary across the waterway.
Ship domain
A critical step is to determine the density-speed relationship of ships, which can be estimated by ship domains. The ship domain that the navigator wants to keep clear of other ships is defined as the ship domain (Goodwin, 1975) .
As shown in Figure Different from other traffic flows, the W and D are also dependent of water flow, since ships tend to navigate with more clearance when the water speed c v is large. The length of ship domain of ship moving over water, d, can be expressed as the sum of two terms: the navigating length (which is a function of the navigating velocity) and the watch distance (which is a function of velocity, visibility, traffic and local and psychological factors). The navigating length is the distance of the ship navigating over a certain unit of time (e.g. 5 seconds). The watch distance is the distance required by the ship for steering and reaction.
ANALYSIS
The asymptotic method of homogenisation will be applied to deduce the traffic flow equations for different mechanisms. The homogenisation method is based on the asymptotic technique of multiple scales, e.g. Ng & Yip (2001) . Consider three time scales are associated with the marine traffic flow in a horizontal waterway (Figure 1) The original derivative becomes, according to the chain rule:
The traffic density
The velocity is:
The term in Eq.
(1) becomes:
With Eq. (10)- (13), Eq. (4) becomes:
At the zero-th order
At the first order
Eq. (2) at the first order
The model, Eq. (15)- (18), is then written in two vector forms: , S S are the source terms, such as:
Eq. (19) and (20) are in the quasi-linear matrix form of the governing equations and can be solved numerically by the method of characteristics.
The two dimensional problem, Eq. (6)-(9), can be solved similarly.
CONCLUSIONS AND DISCUSSION
This conceptual paper is the first attempt to develop a marine traffic for studying the dynamic behaviour of ships. The study uses the classical traffic model to consider two special marine traffic characteristics (a) the water current, and (2) the ship domain concept.
Since the marine traffic is more sophisticated than the classical (land) traffic, the marine traffic model will enable a new and richer insight in traffic behaviour in general. In the marine traffic engineering, the marine traffic flow theory and traffic control schemes are under development using different approaches based on classical traffic flow theory and ship manoeuvring characteristics. They can provide a supportable foundation for vessel traffic control.
Future work of this research is to conduct computational experiments and to develop control strategies of marine traffic for different scenarios. Computational experiments can be further conducted to evaluate the overall control strategies applied to a combination of traffic mix.
